The Oct and Sox transcription factors control many different aspects of neural development and embryogenesis, often binding to adjacent sites on DNA, and interacting with one another through their DNA binding domains to regulate transcription synergistically. Oct proteins contain two DNA binding domains (POU S and POU HD ) connected by a flexible linker, which interact with DNA in a bipartite manner. Residual dipolar coupling measurements on the binary Oct1⅐DNA complex reveal that the two domains are characterized by distinct alignment tensors in both phage pf1 and polyethylene glycol/hexanol liquid crystalline media. We show that this difference is due to a fast microscopic dissociation/association process involving alternative binding modes for the weaker binding POU S domain in the binary complex. Upon binding of Sox2 to an adjacent site in the Hoxb1 regulatory element, all components of the ternary Oct1⅐Sox2⅐DNA complex share a single alignment tensor. Thus ternary complex formation increases the site-specific affinity of Oct1 for DNA by effectively locking the POU S domain in a single orientation on the DNA. The solution NMR structure of the ternary 42 kDa Oct1⅐Sox2⅐Hoxb1-DNA complex, determined by novel procedures based on orientational restraints from dipolar couplings and conjoined rigid body/torsion angle dynamics, reveals that Sox2 and POU S interact through a predominantly hydrophobic interface, surrounded by a ring of electrostatic interactions. These observations suggest a mechanism of combinatorial control involving direct protein-protein interactions on the DNA whereby Oct1 in conjunction with a co-interacting transcription factor provide cell-specific transcription regulation.
Transcription regulation in eukaryotes involves the formation of protein-DNA complexes that can interact with and modulate the downstream transcriptional machinery (1, 2) . Unlike prokaryotes that often use a single protein for this function, eukaryotes generally employ complexes of multiple proteins in what has been termed combinatorial control (2, 3) . This mechanism effectively integrates many different signaling pathways to provide a more complex regulatory network based on a finite number of transcription factors. Biological and structural studies of these complexes indicate that combinatorial control is achieved by employing transcription factors with adaptable DNA and protein binding surfaces. This adaptability allows different combinations of these factors to interact on specific promoter elements to drive synergistic transcription regulation (2, 3) .
Transcription regulation by the Oct and Sox families of transcription factors reflects many of the principles of combinatorial control. Different members of each family have been shown to interact on different promoter elements to regulate transcription during embryogenesis and neural development (4, 5) . The Sox family is characterized by an HMG-box DNA binding domain that binds in the minor groove, bends DNA (50 -90°) and specifically recognizes variations of the consensus sequence CTTTGTT (4 -6) . The DNA binding region of Oct proteins, known generically as POU, comprises two small, tethered domains, a specific domain (POU S ) and a homeodomain (POU HD ), that bind in the major groove, do not alter the DNA appreciably from straight B-form, and typically recognize the octamer consensus sequence ATGCTAAT (5, 7) .
Previous studies have demonstrated that specific promoters are selectively responsive to different members of the Oct transcription factor family. For example, both Oc3/4 and Oct1 can bind adjacent to Sox2 on the FGF4 and UTF1 promoter elements, but only Oct3/4 (or chimeras containing the POU domain from Oct3/4) can synergistically drive transcription from each. Biological data indicate that this synergism derives from direct interaction between the DNA binding domains of each protein (8, 9) . Interestingly, the FGF4 element contains three additional base pairs between the Oct and Sox binding sites when compared with the UTF1 element. The increased separation between the two proteins must lead to alternative interprotein binding surfaces. More recently, Di Rocco et al. (10) showed that the Hoxb1 autoregulatory element contains contiguous Oct and Sox binding sites, with the same relative spacing as in the UTF1 element. However, Oct1 instead of Oct3/4 synergistically drives transcription from the Hoxb1 element. This latter regulatory element functions to selectively promote transcription of Hoxb1 in rhombomere 4 of the hindbrain during embryogenesis (10, 11) .
To further our understanding of combinatorial control at the molecular level, we have solved the three-dimensional solution NMR structure of the biologically relevant ternary 42,000 M r complex formed by the Oct1 (POU S ϩ POU HD ) and Sox2 DNA binding domains bound to a 19-base pair fragment of the Hoxb1 element.
EXPERIMENTAL PROCEDURES
Sample Preparation-The POU region (POU S ϩ POU HD ) of human Oct1 (residues 275-439) and the HMG-box domain of human Sox2 (residues 40 -123) were cloned as histidine tag fusions, expressed, purified by affinity chromatography, and the tags removed proteolytically using standard procedures. Each domain was numbered according to previously determined structures (6, 7) . NMR samples (in 10 mM sodium phosphate, 10 mM dithiothreitol, and 0.02% NaN 3 , pH 6.5) comprised stoichiometric binary and ternary complexes with the DNA unlabeled and the proteins in various isotopic-labeling combinations (unlabeled, 15 N, 15 N/ 13 C, 15 N/ 13 C/ 2 H, or 15 N/ 13 C/ 2 H/VLI-methyl protonated, Ref. 12) . The concentrations of the binary and ternary complexes in the various samples ranged from 0.5 to 1 mM.
NMR Spectroscopy-All NMR experiments were carried out at 30°C on Bruker 500, 600, 750, and 800 MHz spectrometers. Spectra were processed using the NMRPipe package (13) , and analyzed using the programs PIPP, CAPP, and STAPP (14) . 1 H, 15 N, and 13 C backbone and side-chain resonance assignments of the proteins were carried out using TROSY 1 versions (15, 16) of three-dimensional triple resonance experiments (17) . 1 H resonance assignments for the DNA were obtained from two-dimensional 12 C-filtered NOE and Hartmann-Hahn experiments, aided by prior assignments on the SRY⅐DNA binary complex (6) . Intermolecular distance restraints were derived from three-dimensional 13 Cseparated/ 12 C-filtered NOE experiments (17) . Heteronuclear 3 J couplings were measured by quantitative J-correlation spectroscopy (18) .
were measured in 10 mg/ml phage pf1 (19, 20) using TROSY triple resonance experiments (21) .
Structure Calculations-Structures were calculated from the experimental restraints by conjoined rigid body/torsion angle dynamics (22) using the Xplor-NIH macromolecular NMR structure determination package (23) . Structure figures were generated with the programs VMD-XPLOR (24) and RIBBONS (25) .
The starting coordinates for the 19-mer DNA were built as follows: the POU S and POU HD hemi-binding sites (base pairs 11-14 and 17-19, respectively) were derived from the 1.9 Å resolution crystal structure of the Oct1⅐MORE-DNA complex (26) , the Sox2 binding site (base pairs 1-10) from the NMR structure of the related SRY-DNA complex (6) , and the intervening sequences (base pairs [15] [16] and regions containing substitutions (base pairs 1, 4, and 10) from classical B-DNA. The resulting model was then subjected to regularization.
The following strategy was used in the conjoined rigid body/torsion angle dynamics calculations (see "Results" for general justification of the approach employed). There were four rigid bodies: rigid body 1, backbone and non-interfacial side chains of POU HD and base pairs 17-19 of the DNA (taken from the 1.9 Å resolution Oct1⅐MORE DNA complex (26) ; PDB accession code 1E3O); rigid body 2, backbone and non-interfacial side chains of POU S (also taken from the Oct1⅐MORE-DNA complex (26) ; PDB accession code 1E3O); rigid body 3, backbone and non-interfacial side chains of Sox2 and base pairs 1-4 of the DNA (taken from the NMR structure of the related SRY⅐DNA complex (6), see "Results"; PDB accession code 1J46); rigid body 4, the axis of the dipolar coupling alignment tensor. Rigid bodies 1-3 have both rotational and translational degrees of freedom, while rigid body 4 is given only rotational degrees of freedom. The following interfacial side chains were given torsional degrees of freedom. For POU HD : 10 residues at the POU HD /DNA interface (residues 107, 108, 113, 144, 147, 148, 151, 154, 155, and 158) with 24 side chain torsion angles restrained to within a range of Ϯ20°of values in crystal structures of Oct1⅐DNA binary complexes. For POU S : 6 residues at the POU S /Sox2 interface (residues 14, 17, 18, 21, 26, and 52); and 14 residues at the POU S /DNA interface (residues 20, 27, 41, 42, 44 -46, 48, 49, 54, 58, 59 , 62, and 63) with 35 side chain torsion angles restrained to within a range of Ϯ20°of values in crystal structures of Oct1⅐DNA binary complexes. For Sox2: 7 residues at the POU S /Sox2 interface (residues 59, 62, 63, 66, 67, 71, 73) and 18 residues at the Sox2/DNA interface (residues 4, 6 -10, 12, 13, 17, 31, 35, 43, 44, 51, 55, 76, 78 , and 79) with 47 side chain torsion angles of conserved residues restrained to within a range of Ϯ20°of values in solution structure of homologous SRY⅐DNA binary complex. Base pairs 5-16 of the DNA were given torsional degrees of freedom with 220 loose backbone phosphodiester torsion angle restraints to prevent local mirror images (6): ␣ ϭ 70 Ϯ 30°; ␤ ϭ 180 Ϯ 50°; ␥ ϭ 60 Ϯ 35°; ␦ ϭ 145 Ϯ 15°(except for T5, T6, and A32, which were restrained to 75 Ϯ 15°, see the SRY⅐DNA binary complex, Ref. 6); ⑀ ϭ 180 Ϯ 40°, and ϭ Ϫ90 Ϯ 30°. In addition, data base base-base positional (27) and torsion angle (28) potentials of mean force were employed to ensure that good stereochemistry and base-base interactions were preserved throughout the DNA. The following distance restraints were used to preserve protein-DNA interactions observed in the binary Oct1⅐DNA complex (7, 26) . At the POU S /DNA interface: 5 distances (3.0 Ϯ 0.5 Å) involving hydrogen bonding interactions to bases from 3 residues; and 10 distances involving electrostatic interactions with phosphates (Յ6.1 Å) from 10 residues. At the POU HD /DNA interface: 3 distances (3.0 Ϯ 0.5 Å) involving hydrogen-bonding interactions to bases from 2 residues; and 2 distances involving electrostatic interactions with phosphates (Յ6.1 Å) from 2 residues.
The final force constants for the various terms in the target function are as follows: 30 (Fig. 1A) , consistent with the sequential arrangement of the DNA binding sites (Fig. 2B) and indicative of direct protein-protein interactions between Sox2 and POU S . Titration experiments show that formation of the ternary complex from binary complexes is in slow exchange on the chemical shift scale.
Residual dipolar couplings yield unique orientational information, independent of the spatial proximity of the atomic bond vectors, that provides a powerful and rapid method of structure validation in relatively rigid systems such as proteins and nucleic acids (30, 31 (19, 20) , were in excellent agreement with the structures of the individual domains in existing binary complexes (Table I) NH corresponds approximately to that of a 1.5-2.0 Å resolution crystal structure (see Table I , Refs. 19, 30, 32-35). It should be also emphasized that the dipolar coupling data measured on Sox2 in the ternary complex provide excellent independent cross-validation for the accuracy of the solution NMR coordinates of SRY in the binary complex. Not only were the two data sets collected on homologous proteins bound to different DNA fragments, but they were also collected in different alignment media: the SRY⅐DNA complex was refined against dipolar couplings measured in a lipid bicelle liquid crystalline medium (6) in which the alignment tensor is determined by shape as opposed to both shape and charge distribution in the case of phage pf1 used in the present study (36) . The structural similarity between Sox2 and SRY is not surprising given that the amino acid differences are localized exclusively to the protein surface. Further, both SRY and Sox2 bend DNA to the same extent, as judged by gel shift circular permutation assays (37) reflecting the fact that only 4 out of 27 DNA-contacting residues differ between the HMG-boxes of the two proteins (three conservative substitutions of residues that interact with backbone phosphates and an isoleucine to methionine substitution of the residue that intercalates between two AT base pairs).
Affinity Modulation and Cooperativity-Comparison of the dipolar coupling data between the POU s and POU HD domains measured on the Oct1⅐DNA binary complex revealed an unexpected finding. Residual dipolar couplings arise from partial alignment of proteins in a magnetic field, as a consequence, for example, of being dissolved in a dilute liquid crystalline medium (30) . For a macromolecular complex in which the relative orientations of the different components are fixed, all components of the complex will share a single alignment tensor (30, 38) . The dipolar coupling data measured in the negatively charged phage medium (Fig. 1B, top panel) , however, clearly indicate that the POU S and POU HD domains in the binary complex are characterized by two distinct alignment tensors with very different rhombicities (): highly rhombic for POU S ( ϭ 0.46 Ϯ 0.05) but close to axially symmetric for POU HD ( ϭ 0.14 Ϯ 0.05). Exactly the same phenomenon is observed in a liquid crystalline medium of neutral polyethylene glycol (PEG)/ hexanol (39) , which yields rhombicities of 0.42 Ϯ 0.05 and 0.19 Ϯ 0.05 for the POU S and POU HD domains, respectively (data not shown). Moreover, the 1 D NH dipolar couplings measured in the two media are highly correlated with a correlation coefficient of 0.96.
The observation of two distinct alignment tensors for POU S (30) . The dipolar coupling R-factors are correlated to the resolution at which the structures are solved. As expected, the lowest R dip values are obtained for the highest resolution (1.9 Å) crystal structure of the Oct1⅐MORE-DNA complex (26) . This is purely a reflection of higher coordinate accuracy as a function of crystal structure resolution. Note that the backbone for POU S and POU HD for the three crystal structures are still very similar with pairwise backbone rms differences ranging from 0.6 to 0.8 Å for POU S and 0.4 to 0.7 Å for POU HD and POU HD in the binary Oct1⅐DNA complex indicates that for some portion of the time the two domains do not tumble as a single, unique rigid body. These data therefore demonstrate unambiguously that POU S and POU HD must experience interdomain dynamic fluctuations (38, 40) that are fast on the chemical shift time scale even while Oct1 is bound sequence specifically to DNA. Since the sequence-specific macroscopic affinity of Oct1 for DNA is very high (K ass Ϸ 1.5 ϫ 10 10 M Ϫ1 ; Ref. 40 ) and the binding sites for POU S and POU HD overlap making any large scale bending motions (within a cone of semi-angle Ͼ30°; Refs. 38 and 39) physically unrealistic for the short 8 base pair Oct1 DNA binding site, one can conclude that a microscopic dissociation/association process is being observed for at least one of the two domains in the binary complex. In short either two (or more) rapidly exchanging, fully bound configurations are being observed with different relative orientations of the POU S and POU HD domains, or a conformational state(s) is being detected in which the POU S and POU HD domains are not bound to DNA simultaneously.
From gel shift assays, the equilibrium association constants for sequence specific binding of the isolated (i.e. non-tethered) POU S and POU HD domains to the H2B octamer DNA site are ϳ5 ϫ 10 4 M Ϫ1 and 7 ϫ 10 6 M Ϫ1 , respectively (41) . In addition, the isolated POU S and POU HD domains bind cooperatively to the octamer H2B site (with a cooperativity factor of ϳ13) although there are no direct intermolecular protein-protein interactions between them (41). This result led to the proposal that cooperativity arises through shared contacts of the two domains with the DNA involving a thymine methyl of the reverse strand at position 5 of the octamer H2B binding site (41) . (Note that the octamer binding sequence from the Hoxb1 regulatory element differs at this position by a T to A substitution, which may partially diminish DNA binding cooperativity between the POU S and POU HD domains). The length of flexible linker that is invisible in the electron density maps of the binary Oct1⅐DNA complexes is 26 residues (7, 26) . The average end-to-end distance for a random coil polypeptide of this length is ϳ50 Å (given by (C n nl 2 ) 1/2 where n is the number of residues, C n the characteristic ratio which has a value of 7.2 for 26 residues, and l ϭ 3.8 Å, the average C␣-C␣ distance in a polypeptide; Ref. 42) . One can therefore deduce from simple geometric considerations that the approximate effective local concentration of the dissociated domain in the hemi-associated binary state is ϳ3 mM (i.e. 1 molecule in a sphere of radius ϳ50 Å). At the concentrations of protein and DNA employed in the NMR experiments (0.5-1 mM) and in the absence of any binding cooperativity between the tethered POU S and POU HD domains, the populations of the hemi-associated states with POU S -or POU HD -free would be ϳ1% and ϳ0.005%, respectively. In the presence of cooperativity, these populations would be reduced by approximately an order of magnitude (ϳ0.1 and 0.0005%, respectively). For the predominant hemi-associated POU S -free state to make any significant contribution to the observed alignment tensor would therefore require that the degree of ordering of free POU S by both phage and PEG/hexanol be in the range 0.05-0.5 (the maximum degree of ordering for nonspecific binding) compared to approximately 10 Ϫ3 for the binary complex (which corresponds to a ԽD a NH Խ of ϳ10 Hz). Free Oct1 (which is positively charged) is highly ordered by negatively charged phage resulting in extreme line broadening. However, no significant line broadening of free Oct1 is observed in the presence of the neutral PEG/hexanol medium and the degree of ordering is ϳ10 Ϫ3 . Since the dipolar couplings in the phage and PEG/hexanol media are highly correlated, and the rhombicities of the POU S and POU HD domains are comparable in the two media, one can conclude that the binary Oct1⅐DNA complex consists of two (or more), comparably populated, alternative binding modes. Given that only a single set of resonances is observed for the bound Oct1, exchange between the two (or more) states must be fast on the chemical shift scale. Since the sequence specific DNA binding affinity of POU S is 2 orders of magnitude weaker than that for POU HD (41) , which corresponds approximately to a 2-fold increase in the dissociation rate constant for POU S relative to POU HD , one can conclude that, in all likelihood, the POU HD domain is bound in a single configuration in the binary complex, whereas the POU S domain can adopt two (or more) rapidly interchanging alternative bound orientations.
In the ternary Oct1⅐Sox2⅐DNA complex, on the other hand, the magnitude of the alignment tensor (rhombicity and D a NH ) for POU S and POU HD (Fig. 1B) , as well as for Sox2, are the same, indicative of a single alignment tensor. This result directly indicates that the incorporation of Sox2 into the protein-DNA complex must cooperatively increase the site-specific affinity of Oct1 for DNA by locking the tethered POU S domain into a single bound configuration. Isolated POU S interacts with Hoxb1 DNA in fast exchange on the chemical shift scale in the binary POU S ⅐DNA complex but in intermediate exchange in the presence of Sox2 (data not shown). This change in exchange regime in the presence of Sox2 requires at least a 10-fold decrease in the dissociation rate constant of POU S from DNA. From the biological perspective, a reduction in the dissociation of POU S from its relevant DNA target site will result in a corresponding increase in the overall affinity of the Oct1⅐DNA complex and hence the occupancy of the relevant Oct1 DNA target site, thereby promoting transcription more efficiently.
Structure Determination-Previous crystallographic work has shown that POU S and POU HD adopt different orientations while bound to DNA depending on the promoter sequence and whether Oct1 binds as a monomer or dimer (7, 26) . We compared the measured dipolar couplings in the ternary complex with the orientation of POU S and POU HD in three different crystal structures (Table II) : the monomeric Oct1⅐H2B-DNA complex at 3.0 Å resolution (7); the dimeric Oct1⅐PORE-DNA complex at 2.7 Å resolution that uses the same interdomain orientation as the monomeric complex (15) ; and the dimeric Oct1⅐MORE-DNA complex at 1.9 Å resolution that uses a distinct interdomain orientation (15) . (To ensure that the comparison solely reflects differences in POU S /POU HD orientations, the coordinates of the individual POU S and POU HD domains of the 1.9 Å resolution structure were best-fitted to the orientations present in the other two structures). The dipolar couplings indicate that POU S and POU HD adopt the same relative HD . To ensure that the comparison solely reflects differences in POU S /POU HD orientations, the coordinates of the individual POU S and POU HD domains of the 1.9 Å resolution Oct1⅐MORE-DNA (26) structure were best-fitted to the orientations present in the other two structures (7, 26) . The difference in the relative orientation of POU S and POU HD between the Oct1⅐PORE-DNA and Oct1⅐H2B-DNA complexes is ϳ16°, while that between the Oct1⅐PORE-DNA and Oct1⅐MORE-DNA complexes is 174°. 1 Orientational restraints from dipolar couplings in combination with translational information derived from limited intermolecular nuclear Overhauser enhancement (NOE) data can be used to rapidly and accurately determine the structures of large macromolecular complexes using conjoined rigid body/ torsion angle dynamics (22, 34, 35, 43) . Based on the excellent agreement between the dipolar couplings and the known structures of the binary complexes, the ternary complex was amenable to a variation of this approach (Fig. 2B) . The structure of the ternary complex was solved on the basis of 345 backbone dipolar couplings, supplemented by the following intermolecular NOE data. 16 intermolecular NOEs between POU S and Sox2 define the Oct1/Sox2 interface (see Fig. 2A ); 48 intermolecular NOEs between Sox2 and DNA confirm that the location and binding of Sox2 to DNA is fully consistent with the known structure of the related SRY⅐DNA binary complex (6); and the 3 observed intermolecular NOEs between POU HD and DNA confirm that the POU HD binding site is the same as that in the binary complex (7, 26) . Despite the absence of any observable intermolecular NOEs between POU S and DNA (due to resonance line broadening of interfacial residues) the base pair separation between POU S and POU HD on the DNA is confirmed by both intermolecular NOEs with Sox2 and the excel- . B, schematic illustration of the calculational strategy employed to solve the structure of the complex using conjoined rigid body/torsional angle dynamics. POU S (red box), POU HD (yellow oval), and Sox2 (green polygon) are shown next to their respective binding sites (colored bars, as described in Fig. 1 ). The solid black lines outline regions that were treated as rigid bodies (excluding interfacial side chains). The dashed oval indicates that the translational placement of POU S and POU HD was restrained by a weak non-crystallographic symmetry restraint with respect to the POU⅐PORE-DNA complex (26) . The arrow indicates the intercalation site of Met-13 from Sox2. C, stereoview of a best-fit superposition of the final 100-simulated annealing structures (backbone of Sox2, POU S , and POU HD in green, red, and gold, respectively; Hoxb1-DNA in blue). D, stereoview of an isosurface of the reweighted atomic density map (49) (contoured at 25% maximum value) calculated from the final 100 simulated annealing structures illustrating side chains of Sox2 (cyan) and POU S at the Sox2/POU S interface. The backbone of Sox2 (green) and POU S (red) are depicted as tubes, and residues of Sox2 are denoted in italic type. The coordinates are those of the restrained regularized mean structure; note that several long side chains are in multiple conformations. lent agreement between the measured dipolar couplings and the crystal structure of Oct1⅐PORE-DNA complex (see above). Even a single base pair alteration in the separation between the POU S and POU HD binding sites on the DNA would necessarily change the relative orientation of POU S and POU HD by at least 30°, inconsistent with the dipolar coupling data. In addition, torsion angle restraints for residues at the POU S / Sox2 interface were derived from heteronuclear 3 J couplings (18) . The pattern of intramolecular NOEs within the DNA and the distribution of 31 P shifts (44) confirmed that the DNA was predominantly B-form.
On the basis of the preceding experimental data, the following conjoined rigid body/torsion angle dynamics calculational strategy was employed (Fig. 2B ). Sox2 and POU HD (excluding interfacial side chains) together with the terminal portions of their respective DNA binding sites (base pairs 1-4 and 17-19, respectively) were treated as rigid bodies. POU S (excluding interfacial side chains) was also treated as a rigid body and a very weak non-crystallographic symmetry restraint was employed to maintain the approximate translational separation between POU S and POU HD observed in the monomer unit of the Oct1⅐PORE-DNA complex. In addition to giving side chains at the POU S /Sox2 interface full torsional degrees of freedom, the side chains at the three protein-DNA interfaces were also allowed to move within torsion angle ranges of Ϯ20°of those observed in the respective binary complexes. Loose distance restraints were employed to preserve the protein-DNA hydrogen bonding interactions observed in the binary Oct1⅐DNA complexes. The DNA from base pairs 4 -16 was given full torsional degrees of freedom while being subjected to database torsion angle and base-base positional potentials of mean force (27, 28) . The latter ensure that the DNA retains appropriate stereochemistry and base-base interactions while permitting the path of the DNA (including the extent of Sox2 induced DNA bending which is centered between base pairs 6 and 7 at the site of intercalation of Met-13) to be entirely determined by the relative orientation of Sox2, POU S , and POU HD , as dictated by the dipolar couplings.
Overall Structure of the Ternary Complex-The resulting ensemble of simulated annealing structures for the Oct1⅐Sox2⅐DNA ternary complex (Fig. 2C) is in excellent agreement with the experimental dipolar couplings (Table III) (Table I ). In addition, the intermolecular NOE-derived interproton distance restraints and torsion angle restraints are satisfied within their experimental uncertainties (Table III) . The global orientation of the three domains and residues at the protein-protein interface are well defined (Fig. 2, C and D, respectively) . Sox2 introduces a bend (ϳ50°) in the DNA of the ternary complex (Fig. 2C and Fig. 3A ) that is similar to that observed in the related SRY⅐DNA binary complex (ϳ55°) (6) . The interdomain orientation adopted by the POU S and POU HD domains differs from that in the Oct1⅐H2B-DNA (7) and Oct1⅐PORE-DNA (26) complexes by ϳ12 and 6°, respectively (with corresponding backbone r.m.s. shifts of 1.1 and 0.7 Å, respectively).
The POU S /Sox2 Interface-The spacing of the Sox2 and Oct1 binding sites in the Hoxb1 regulatory element brings the C-terminal halves of the first helix (residues 6 -23) of POU S and the third helix (residues 48 -68) of Sox2 into close proximity (Fig. 3A) . These two helices are oriented anti-parallel to one another and form a tight, well-packed interface over the phosphate backbone of DNA without having to distort either of the protein structures or the B-form DNA (Fig. 3, A-C) . Despite its small size (ϳ520 Å 2 of buried surface area, ϳ245 Å 2 originating from POU S and 280 Å 2 from Sox2), the interface exemplifies a fairly common organization of protein-protein interactions (34, 35) : a hydrophobic center surrounded by complementary electrostatic contacts. In particular, the hydrophobic side chains of Ile-21 of POU S and Met-66 and Ala-63 of Sox2 (with residues of Sox2 indicated by italic type) form the core of the interface with additional hydrophobic interactions provided by the aliphatic portions of Lys-17 and Arg-62. Interestingly, Ile-21 also plays a pivotal role in the formation of Oct1 homodimers on the PORE B-cell-specific promoter (26) . Edges of the interface include electrostatic interactions between the backbone carbonyl oxygen of Gly-24 and the amino group of Lys-59, and between the amino group of Lys-14, the carboxylate of Asp-71, and the backbone carbonyl oxygen of Pro-70 (Fig. 3C) . Several residues at the interface participate in both protein-DNA and proteinprotein contacts (e.g. Lys-17, Thr-26, and Arg-65). These bridging interactions likely contribute to the stabilization of the POU S -DNA interaction upon ternary complex formation.
Comparison with the Oct1⅐Sox2⅐DNA Complex on the FGF4 Promoter Element-After we completed the determination of a The notation of the NMR structures is as follows: ͗SA͘, the final 100 simulated annealing structures obtained by conjoined rigid body/torsion angle dynamics; (SA) r , the restrained regularized mean coordinates derived from the ensemble of simulated annealing structures using the procedure described in Ref. 35 .
b There are 16, 48, and 3 intermolecular, NOE-derived, interproton distance restraints at the POU S /Sox2, Sox2/DNA, and POU HD /DNA interfaces, respectively; and 18 and 3 torsion angle restraints at the POU S /Sox2 and Sox2/DNA interfaces, respectively.
c The number of restraints is given in parentheses. d The magnitude of the single alignment tensor is: D a NH ϭ 10.9 Hz and ϭ 0.63. e There are no violations in distance and torsion angle restraints Ն0.3 Å or Ն5°, respectively. In addition to the experimental restraints, the number of restraints included in the statistics comprise loose distance restraints to preserve the protein-DNA hydrogen bonding interactions observed in the binary Oct1⅐DNA complexes, side chain torsion angle restraints at the three protein-DNA interfaces set to within ranges of Ϯ20°of those observed in the respective binary complexes, and loose torsion angle restraints for the sugar-phosphate backbone of the DNA (see "Experimental Procedures").
f Note that since the backbones of the three protein domains are treated as rigid bodies, the backbone precision does not take into account errors in the X-ray coordinates (26) of POU S and POU HD or the NMR coordinates of SRY (6) . For reference, the percentage of residues in the most favored region of the Ramachandran plot for POU S , POU HD , and Sox2 is 95.5, 96.1, and 95.6%, respectively (from the program PROCHECK; Ref. 50).
the solution structure of the Oct1⅐Sox2⅐Hoxb1-DNA ternary complex, a paper describing the 2.6 Å resolution crystal structure of the ternary complex formed by Oct1 and Sox2 bound to the FGF4 element was published by Reményi et al. (45) . A comparison of these two ternary complexes is of considerable interest since the separation between the Sox2 and Oct1 binding sites in the two complexes differ by three base pairs, and thus sheds light on multiple modes of interaction between Sox2 and the POU S domain of Oct1.
The structures of the individual domains in the two complexes are very similar with backbone atomic r.m.s. differences of 1.0 Å for POU S (residues 5-75), 0.5Å for POU HD (residues 107-160) and 0.9 Å for Sox2 (residues 7-79). Despite the close similarity in the backbone coordinates, the residual dipolar coupling data do not fit the individual domains of the Oct1⅐Sox2⅐FGF4-DNA complex as well, reflecting the lower resolution (2.6 Å) of this crystal structure. Thus, the values of R dip NH for the POU S and POU HD domains in the Oct1⅐Sox2⅐FGF4-DNA complex are 28.7 and 30.8%, respectively, compared with 16.2 and 17.5%, respectively, for the 1.9 Å Oct1⅐MORE-DNA binary complex. Similarly, R dip NH for Sox2 in the Oct1⅐Sox2⅐ FGF4-DNA complex is 42.7%, which improves to 28.4% after removing the data for Met-23 (which deviates by 25 Hz) compared with 16.0% for the solution structure of the SRY⅐DNA binary complex.
The dipolar coupling data, however, are in complete agreement with the interdomain orientation between the POU S and POU HD in the Oct1⅐Sox2⅐FGF4-DNA complex with an overall R dip NH of 17.2% (using the 1.9 Å resolution coordinates of the individual domains best-fitted to the coordinates of the FGF4 ternary complex). The difference in relative orientation of the POU S and POU HD domains in the Hoxb1 and FGF4 ternary complexes is only 5°, which corresponds approximately to the uncertainty in the orientation of the alignment tensor (33) .
By way of contrast, the dipolar coupling data are completely inconsistent with the relative orientation of Oct1 and Sox2 in the Oct1⅐Sox2⅐FGF4-DNA ternary complex with an overall R dip NH of 44% (using the coordinates of the individual POU S , POU HD , and Sox2 domains from the 1.9 Å resolution Oct1⅐DNA binary complex and the NMR SRY⅐DNA binary complex best-fitted to the coordinates of the FGF4 ternary complex).
The FGF4 element sequence differs from that of the Hoxb1 autoregulatory element by a three base pair insertion between the binding sites of POU S and Sox2 (Fig. 4) . Accordingly, the relative orientation of Sox2 with respect to Oct1 changes by a 108.2°rotation around the axis of the DNA, which corresponds to a 36.1°rotation per base pair insertion, as expected for B-DNA (Fig. 4) . This rotation leads to an interaction between the two domains that involves a similar, partially overlapping surface on POU S but a very different surface on Sox2. In particular, the protein:protein interface on the FGF4 element involves only four residues from the POU S domain (Ile-21, Gly-24, Thr-26, and Asp-29) and two residues from Sox2 (Arg-75 and Arg-76). The buried accessible surface at the POU S /Sox2 interface (ϳ240 Å 2 ) on the FGF4 element is just under half that on the Hoxb1 element (ϳ520 Å 2 ). Three contact residues from the POU S domain (Ile-21, Gly-24, and Thr-26) are also involved in the Hoxb1 ternary complex but neither of the contact residues from Sox2 is involved in the Hoxb1 ternary complex. As can be seen in Fig. 4 , the protein:protein interface in the Hoxb1 ternary complex extends further along the first helix of POU S and makes use of the third helix of Sox2 instead of the extended flexible tail.
The structural differences between the two ternary complexes strongly suggest that stabilization of Oct1 binding to DNA in the presence of Sox2 will be significantly greater on the Hoxb1 element than on the FGF4 element. We suggest that this difference is the major contributory factor with regard to the biological selectivity for the POU domain of Oct3 on the FGF4 element. The linker length between the POU S and POU HD domains is 7 residues shorter in Oct3 than in Oct1. This translates to a ϳ2-fold increase (given by [(C Oct1 ⅐n Oct1 )/ (C Oct3 ⅐n Oct3 )] 3/2 , where n Oct1 and n Oct3 are the flexible linker lengths in Oct1 and Oct3, respectively, and C Oct1 and C Oct3 are the corresponding characteristic ratios for those linker lengths (42) ) in local concentration of the dissociated domain in the hemi-associated state, and hence a corresponding increase in the overall equilibrium association constant. Although the smaller protein-protein interface between Oct3 and Sox2 on the FGF promoter would lead to a reduction in binding cooperativity, the higher intrinsic sequence specific affinity of Oct3 for DNA due to its shorter linker length would allow ternary complex formation to increase the Oct3 affinity for DNA beyond a critical point necessary to synergistically drive transcription. Thus, we propose that the shorter linker length for Oct3 relative to Oct1 offsets the reduction in the POU S /Sox2 interface on the FGF4 element.
Reményi et al. (45) also derived a model of the Oct3/4⅐Sox2 ternary complex formed on the UTF1 regulatory region from their crystal structure of the Oct1⅐Sox2⅐FGF4-DNA complex. The UTF1 regulatory element contains variations of the Sox2 and Oct consensus binding sequences with the same relative spacing as that in the Hoxb1 element sequence studied here. Based on their model, Reményi et al. (45) correctly predicted an important contact between Ile-21 of Oct3/4 and Met-66 of Sox2. The involvement of these two residues is further supported by mutagenesis studies which are consistent with both the NMR structure of the Oct1⅐Sox2⅐Hoxb1-DNA complex and the model of the Oct3/4⅐Sox2⅐UTF1-DNA complex: the Sox2 double mutants K59E/R62E and R62E/M66E, as well as the Oct3/4 double mutant I21Y/D29E prevent the formation of a ternary complex on the UTF1 element (45) . However, the POU S /Sox2 interface in the Oct3/4⅐Sox2⅐UTF1-DNA model, while similar to that in the Oct1⅐Sox2⅐Hoxb1-DNA complex determined by NMR, appears to be less extensive. In particular, it was proposed (45) that the UTF1 ternary complex involves the same residues of Oct1 employed in the FGF4 ternary complex and a segment of helix 3 from Sox2 (residues Lys-59 to Met-66, using the current numbering scheme). Since the spacing between the Oct and Sox2 binding sites on the UTF1 and Hoxb1 regulatory elements is identical, we conclude that the POU S /Sox2 interface on the UTF1 element actually involves more residues from both proteins (Lys-14, Lys-17, Gln-18, and Ala-52 from POU S ; and Pro-70, Asp-71, and Lys-73 from Sox2; see Fig. 3B ).
Nishimoto et al. (8) originally proposed that selectivity, in terms of transcriptional activation, for Oct3 on the UTF1 regulatory element was due to an altered POU HD DNA binding sequence (TAGT versus TAAT). Based on the structure reported here, we would add to this hypothesis that the reduced affinity imposed by the altered DNA binding sequence on the UTF1 element is compensated by the larger interprotein interface with Sox2 relative to that on the FGF4 element. In the case of Oct1, however, this compensation is not sufficient, because of the longer interdomain linker length, which, as discussed above, would be predicted to lower the affinity of Oct1 versus Oct3 for DNA.
Concluding Remarks-Here we present the solution structure of a ternary complex formed by the DNA binding domains of Oct1 and Sox2 bound to the Hoxb1 autoregulatory element. Because of the large size of this complex (M r ϳ42,000) by NMR standards, a combination of techniques was required to solve the structure. These include the extensive use of dipolar couplings to accurately orient the domains, translational restraints from intermolecular NOE data, various isotope-labeling schemes to simplify the NMR spectra, and the application of conjoined rigid body/torsion angle dynamics based on the known structures of the binary complexes. To our knowledge, this structure represents the first ternary macromolecular complex solved by NMR to date. The techniques employed provide unique insights into how direct interaction of Oct1 and Sox2 leads to synergistic transcription regulation. In particular, alternative binding orientations of POU S evident in the Oct1⅐DNA binary complex are quelled by direct interaction with the DNA binding domain of Sox2.
The above model helps explain how other binding partners for Oct1 can achieve the same synergism in transcriptional activation. Crystal structures of small peptides from the SNAP190 subunit of the SNAP C transcription factor (46) and the OCA-B B-cell specific coactivator (47, 48) show that both peptides make contact with DNA and the POU domains of Oct1. Although these peptides recognize different regions of Oct1 than those contacted by Sox2, these interactions are still likely to lead to a similar cooperative increase in DNA binding affinity for Oct1. Combinatorial control of transcription depends on bringing together transcription factors with different binding partners in a cell-specific, temporally regulated manner. Using the same transcription factors in different contexts requires adaptability of both the protein and DNA binding surfaces. Decreased dissociation of the POU S domain brought about by a relatively small hydrophobic protein:protein interface provides the mechanism by which the Oct1⅐Sox2⅐Hoxb1-DNA ternary transcription factor complex meets these requirements.
